Naturally elevated levels of As have been observed in some ironenriched lowland soils of the southern Münsterland, Germany. To determine whether As is mobilized by the reductive dissolution of As-hosting Fe oxides at reducing soil conditions, the release of arsenate and arsenite was investigated in the field for 24 mo and in laboratory experiments. The grassland Gleysol consists of oximorphic soil horizons ( , respectively). Most of the petrogleyic Fe belonged to nanosized goethite, whereas ferrihydrite was dominant in the topsoil. Arsenic levels of 149 mg kg −1 were found in the topsoil. Levels peaked in the oximorphic soil horizons (626 and 999 mg kg ). Sequential fractionation revealed that 84 to 96% of the As in the oximorphic horizons was associated with Fe oxides. Water saturation in combination with soil temperatures above 5 to 10°C resulted in a fast decrease of the redox potential (up to −120 mV) and release of As (up to 35 mg L −1 ) with Fe into the soil solution only in the Ah horizon. Although the petrogleyic horizons were mostly water saturated with reducing conditions, no As release was observed. A lack of As mobilization was confirmed in experiments performed under fixed redox conditions; neither Fe nor As was released into solution at an appropriate redox potential. The As species distribution showed redox disequilibrium because arsenate was detected under reducing conditions and arsenite under oxidizing conditions. We conclude that microbial-mediated reductive dissolution of Fe oxides pushes the As mobilization in the topsoil; water saturation and soil temperature were key factors. The dominance of goethite, which is more resistant to microbial reduction, and/or the possible readsorption of released As onto remaining or newly formed Fe oxide surfaces is responsible for the absent As mobilization in the petrogleyic horizons.
Naturally elevated levels of As have been observed in some ironenriched lowland soils of the southern Münsterland, Germany. To determine whether As is mobilized by the reductive dissolution of As-hosting Fe oxides at reducing soil conditions, the release of arsenate and arsenite was investigated in the field for 24 mo and in laboratory experiments. The grassland Gleysol consists of oximorphic soil horizons (Ah 0-15, Bg 15-35, CrBg 35-70 cm) developed from fluvial loam overlaying sand with reductomorphic properties (2Cr, +70 cm). The soil has petrogleyic properties due to enrichment of oxidic Fe in the Bg and CrBg horizons (275 and 390 g kg −1 , respectively). Most of the petrogleyic Fe belonged to nanosized goethite, whereas ferrihydrite was dominant in the topsoil. Arsenic levels of 149 mg kg −1 were found in the topsoil. Levels peaked in the oximorphic soil horizons (626 and 999 mg kg , respectively) and were lowest in the sand (12 mg kg -1
). Sequential fractionation revealed that 84 to 96% of the As in the oximorphic horizons was associated with Fe oxides. Water saturation in combination with soil temperatures above 5 to 10°C resulted in a fast decrease of the redox potential (up to −120 mV) and release of As (up to 35 mg L −1 ) with Fe into the soil solution only in the Ah horizon. Although the petrogleyic horizons were mostly water saturated with reducing conditions, no As release was observed. A lack of As mobilization was confirmed in experiments performed under fixed redox conditions; neither Fe nor As was released into solution at an appropriate redox potential. The As species distribution showed redox disequilibrium because arsenate was detected under reducing conditions and arsenite under oxidizing conditions. We conclude that microbial-mediated reductive dissolution of Fe oxides pushes the As mobilization in the topsoil; water saturation and soil temperature were key factors. The dominance of goethite, which is more resistant to microbial reduction, and/or the possible readsorption of released As onto remaining or newly formed Fe oxide surfaces is responsible for the absent As mobilization in the petrogleyic horizons.
Arsenic Mobility and Speciation in a Gleysol with Petrogleyic Properties: A Field and Laboratory Approach
Tim Mansfeldt* and Mark Overesch A rsenic (As) is one of the most toxic elements to human health, with risks that range from acute toxication to (co-)carcinogenic effects (Nriagu, 2002) . Natural contamination of groundwater, aquifers, and redoximorphic soils with this (semi-)metal is a worldwide problem (Ravenscroft et al., 2009; Smedley and Kinniburgh, 2002) . In terms of geography, the most prominent example is the South and Southeast Asian Arsenic Belt (Ravenscroft et al., 2009 ). Elsewhere, contamination with As is less extensive but may be locally severe. This is the case in the southwestern Münsterland, Germany, where local groundwater contains elevated levels of Fe and As released from the weathering of fossil bog Fe (Banning et al., 2009) . Some redoximorphic lowland soils of this region are contaminated with up to several 100 mg As kg −1 soil (Banning et al., 2009) , with concomitant elevated levels of Fe oxides (Mansfeldt et al., 2012) . However, very little is known about the potential of these Fe oxide-enriched soils as a sink or source for As.
Redox potential (E H ) and pH govern the speciation of inorganic As in natural waters (Smedley and Kinniburgh, 2002) . Under oxidizing conditions, arsenate (AsO 4 3− , As V ) is the most important species. The degree of protonation of this oxoanion depends on the solution pH. Dihydrogenarsenate (H 2 AsO 4 − ) is dominant at pH <6.9, whereas HAsO 4 2− prevails at a higher pH (arsenic acid [H 3 AsO 4 ]: pK a1 = 2.2 and pK a2 = 6.9, where pK a is the logarithmic measure of the acid dissociation constant). Under reducing conditions, arsenite (AsO 3 3− , As III ) is the predominant species. At pH <9.2, AsO 3 3− occurs as an uncharged molecule (i.e., as H 3 AsO 3 ; pK a1 = 9.2). Redox transformations of As are catalyzed by a consortium of microorganisms (e.g., Stolz et al., 2006) . They gain by dissimilatory reduction of AsO 4 3-energy, whereas the reductive detoxification pathway of AsO 4 3− is an energy-consuming process. Arsenite oxidation is performed by chemolithoautotrophic and heterotrophic prokaryotes for the generation of energy and growth, respectively. On the other hand, AsO 3 3− can be abiotically oxidized by potent soil oxidants like Mn oxides, and AsO 4 3− can be reduced by reductants like dissolved sulfide (Manning et al., 2002; Rochette et al., 2000) . Potential risks arising from As depend on its speciation because AsO 3 3− is more toxic than AsO 4 3− (Smedley and Kinniburgh, 2002) .
Adsorption regulates the partitioning of As between the aqueous and solid phases of soils to a large extent. The main As adsorbents in soils are the oxides, oxyhydroxides, and hydroxides of Fe (designated herein as Fe oxides). In several studies, AsO 4 3− and AsO 3 3− coordinate with iron oxide surfaces as stable inner-sphere surface complexes, mainly as a bidendate binuclear complex (i.e., by double-corner sharing) (Fendorf et al., 1997; Manning et al., 1998; O'Reilly et al., 2001; Sherman and Randall, 2003) . Furthermore, outersphere surface and monodentate innersphere surface complexes of both species have been detected (Catalano et al., 2008; Fendorf et al., 1997; Loring et al., 2009; Makris et al., 2007; Stachowicz et al., 2008) . Overall, the adsorption of both species onto the surface of Fe oxides is pronounced and minimizes the solubility of As in aerobic soil environments.
As a special feature, the ferric iron (Fe   III   ) in Fe oxides can function as a terminal electron acceptor for Fe-reducing microorganisms (e.g., Weber et al., 2006) . This takes place under anaerobic conditions (i.e., when the O 2 pool of a soil is completely exhausted). Zhi-Guang (1985) classified the redox status of soils according to the preferential electron acceptor into oxidizing (E H > 400 mV; O 2 is predominant), weakly reducing (E H ranges from 400 to 200 mV; O 2 partial pressure is low; NO 3 − and Mn III,IV are reduced), moderately reducing (E H ranges from 200 to −100 mV; Fe III is reduced), and strongly reducing (E H less than −100 mV; SO 4 2− and CO 2 are reduced) conditions. Arsenic that is adsorbed onto the surface of Fe oxides can be released by the reductive dissolution of its adsorbent at moderately reducing conditions. This kind of mobilization is termed reductive dissolution and is assumed to be the main cause of natural As pollution of groundwater worldwide (Ravenscroft et al., 2009) .
Whether As is released by reductive dissolution in the abovementioned Fe oxide-enriched soils is an open question, but it is essential for the assessment of their sink or source function and is closely related to risk assessment. To clarify this, (i) the dynamics of AsO 4 3− and AsO 3 3− were monitored in soil solutions of a Gleysol with naturally elevated As levels, and (ii) field measurements were compared with incubation experiments in the laboratory at controlled redox conditions to identify the main factors influencing As mobility and speciation.
Material and Methods

Study Site
Studies were performed at a grassland site (41 m asl) in the district of Recklinghausen, North Rhine-Westphalia, Germany (51°48¢59¢¢ N, 7°12¢59¢¢ E) (Fig. 1) . The mean annual precipitation is 783 mm, and the mean annual air temperature is 9.6°C. The soil developed from Holocene fluvial loam overlaying glaciofluvial sands and is a Haplic Gleysol (Petrogleyic) (WRB and IUSS Working Group, 2006) . The local aquifer is formed by a >50-mdeep layer of Upper Cretaceous sand (Haltern layers, Santonian, Lower Campanian) and Quaternary sands (Saale glaciation). The distance of the groundwater table to the soil surface is generally low (<1 m). Due to coverage of Cretaceous sands by Holocene sandy or silty fluvial loam, the aquifer type can be described as semiconfined.
Soil Characterization
Disturbed soil samples were collected in a 1-m-deep pit from genetic soil horizons. The samples were loaded into glass vessels that had been previously filled with solid CO 2 to keep the sample frozen. In the laboratory, samples were freeze-dried and sieved (<2 mm). Additionally, undisturbed soil samples used for the determination of bulk density were taken from the excavated pits with 100-cm 3 steel cylinders. Bulk densities were measured by drying the cylinders at 105°C and subsequent weighing. Particlesize distribution was determined by wet-sieving and sedimentation using the pipette sampling technique. Soil pH was measured potentiometrically using a glass electrode in a 0.01 mol L −1 CaCl 2 solution mixed 5:1 with soil (v/v). For the analysis of total element contents, subsamples were ground in an agate ball mill. Total C and N were measured by dry combustion with a CNS analyzer (Vario EL, Elementar), and total contents of Fe, Mn, and As after microwave-induced hydrofluoric acid (3 mL) and HNO 3 (1 mL) digestion. The binding forms of As were determined according to Wenzel et al. (2001) , which includes the sequential extraction Soil material for the microcosm experiments was sampled in an additional pit 5 m from the plot. About 25 kg of soil from the Ah and the CrBg horizon were collected, treated, and characterized as described above.
Field Monitoring Program
In a of 3 × 3 m plot, precipitation, water table, soil temperature, soil matrix potential, and soil E H were continuously recorded by data logging from August 2006 to July 2008. Data were transferred by means of a GSM modem. Redox potentials were monitored in genetic soil horizons at 10-, 30-, 50-, and 120-cm depths in triplicate using permanently installed Pt electrodes (Mansfeldt, 2003) . An Ag-AgCl reference electrode was installed in a salt bridge in the middle of the measuring plot. Although the determination of the soils E H using Pt electrodes is subject to some serious limitations (Bohn, 1971; Whitfield, 1974) , permanently installed Pt electrodes respond quickly to aeration and can be used in a qualitative sense for distinguishing redox ranges in soils (Fiedler et al., 2007; Mansfeldt, 2004) . Temperatures were measured in the same depths by temperature electrodes (Pt 100). Soil matric potentials were recorded in duplicate at depths of 10, 30, and 50 cm by ceramic tensiometers. Groundwater fluctuations were measured in a well via gauge.
Soil solutions were collected in triplicate from depths corresponding to E H measurements with polyamide/polyethylene suction cups (0.45 mm) at low pressure of 500 hPa over 10 to 18 h. Solutions were divided into two subsamples via Y-junctions that were installed behind the suction cups. One subsample was added a bottle containing ethylenediaminetetraacetic acid (EDTA) (1-3 g L −1 EDTA) (Titriplex III). All samples were passed through 0.45-mm cellulose acetate filters and stored at 5°C in opaque glass bottles to prevent photochemical processes. This preservation technique is known to stabilize AsO 4 3− and AsO 3 3− concentrations for up to several weeks (Bednar et al., 2002; Gibbon-Walsh et al., 2011) .
Soil Incubation in Microcosms
Soil suspensions of the Ah and the CrBg horizon were incubated under oxidizing (around 500 mV), weakly reducing (around 300 mV), and moderately reducing conditions (100 to -100 mV) in a microcosm system to regulate E H by adding N 2 or filtered ambient air (Rennert and Mansfeldt, 2005) . For that purpose, 1.2 kg of air dried soil (<2 mm) and 6 L of deionized water were continuously stirred in a sealed glass vessel at 20 to 22°C. Thirty-six grams of cellulose powder (Fluka; length of fibers, 0.01-0.10 mm) was added to each soil suspension as an additional source of organic matter (i.e., as electron donator; 24 g initially and additional 6 g after 2 and 4 wk). Three microcosms were simultaneously run for each horizon. The first microcosm (microcosm A) was held under oxidizing conditions for the total course of the experiment. The second (microcosm B) and the third microcosms (microcosm C) were switched from oxidizing to weakly reducing conditions after 1 wk, and after another week, Microcosm C was exposed to moderately reducing conditions. Supplemental Fig. S1 summarizes the experimental conditions. The aim of this study was not to achieve strongly reducing conditions with intensive SO 4 2− reduction because such conditions did not occur in the field. Instead, the aim was to reach the lowest E H values measured in the field, which occurred in the Ah horizon at about −120 mV. This horizon was held for the last 4 d of the experiment in the E H range, which marks the transition from moderately to strongly reducing conditions. However, in this paper this transition is referred to as a "moderately reducing condition."
The temperature of the soil suspensions was measured every 30 min with temperature probes (Pt 100), and E H and pH were measured with combination electrodes (EMC 33 Ag-AgCl, EGA 153, Meinsberg). Every third day, 20 mL of soil suspension was withdrawn from each microcosm via vacuum filtration into an opaque glass bottle using a VacuCap membrane filter unit (0.45 mm, Ø 90 mm; Pall). A subsample was stabilized by adding EDTA as described above.
Analyses of Soil Extracts, Soil Solutions, and Soil Suspensions
Iron and Mn in the aqua regia extracts were measured by flame atomic absorption spectrometry (AAS) using an airacetylene flame (AAS 3100, PerkinElmer), and As was measured by graphite furnace AAS (SIMAA 6000, PerkinElmer). Arsenic in the extracts of the sequential fractionation was also quantified by graphite furnace AAS.
Total As, AsO 3 3− , Fe, Mn, and PO 4 3− in field-collected soil solutions and filtered soil suspensions were analyzed in the samples stabilized with EDTA, and all other parameters were analyzed in the untreated samples. Arsenic was measured by hydride generation AAS (SIMAA 6000, PerkinElmer). Analytical differentiation between AsO 3 3− and AsO 4 3− was performed according to the method of Anderson et al. (1986a,b) as follows: for AsO 3 3− measurements, solutions were buffered with acetate at pH 4.2. Before the analysis of total As, AsO 4 3− was reduced to AsO 3 3− with KI, ascorbic acid, and HCl overnight. A liquid As standard that had been prepared with high purity As 2 O 3 [Fluka TraceCert 39436, c(HNO 3 ) = 2% w/w] was used for calibration. For quality control, freshly dissolved solid As 2 O 3 (p.a., Merck) was included in the AsO 3 3− analyses, and a groundwater reference material (BCR-610) was included in the total As analyses. Arsenate was calculated as the difference between total As and AsO 3 3− . Iron and Mn in soil solutions were analyzed in the same manner by flame AAS. Orthophosphate was measured spectrophotometrically (Lambda 25, PerkinElmer) using malachite green (Ohno and Zibilske, 1991) . Electrical conductivity was determined conductometrically, pH potentiometrically, and NO 3 − and SO 4 2− levels were assessed by ion chromatography (ICS-1000, Dionex). Dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) were measured by acid digestion or thermal combustion before infrared CO 2 detection in a TOC/TN b analyzer (liquiTOC, Elementar).
Conversion of Redox Potentials
All presented E H values are expressed in reference to the standard hydrogen electrode by adding 207 mV to the electrode measurements, which refer to the Ag-AgCl reference electrode.
Redox measurements were converted into values corresponding to pH 7 (E H [pH 7]) using Eq. [1] by including the pH of field-collected soil solutions or the pH of soil suspensions in the microcosms:
[1] , respectively, in the CrBg horizon. The slight increase of pH in the CrBg horizon coincides with the occurrence of inorganic C. All other horizons were free of inorganic C. The soil material used for the microcosm experiments sampled in an extra pit showed very similar properties (Table 1) .
Results
Soil Properties and Fractionation of Arsenic
Sequential extraction revealed that most of the As belonged to F3 because between 63.9% (Bg) and 89.1% (CrBg) could be obtained via NH 4 -oxalate ( Table 2 ). The mixture of NH 4 -oxalate and ascorbic acid (F4) dissolved between 4.6 and 20.4%. In contrast, phosphate (F2) extracted less than 2% and sulfate (F1) much less than 1% of the As. Residual amounts of As (F5) ranged from 2.8 to 14.6%. Overall, the relative amount of As extracted increased for all horizons in the order F1 < F2 < F5 < F4 < F3. Figure 2 illustrates the dynamics of the groundwater Tables S1 and S2 summarize the statistical values of these and a number of other parameters. The median groundwater level was 27 cm below the soil surface and strongly varied between -73 cm (below) and +8 cm (above) the soil surface. Flooding occurred during winter or after high precipitation events (data not presented) during the rest of the year. The lowest (2.4°C) and highest soil temperatures (22.1°C) were recorded at a depth of 10 cm.
Field Measurements
The 2Cr horizon was characterized by permanent water saturation. Hydraulic gradients between 10 and 30 cm soil depth (nearly the median of groundwater level), which were calculated from measured matrix potentials, were negative for 62% of the year. Accordingly, the capillary rise of groundwater into the topsoil was the dominant direction of water movement.
Reducing conditions were observed in all soil horizons after saturation with groundwater or flooding. Strongly reducing conditions prevailed in the reductomorphic 2Cr horizon (median, −123 mV) and periodically in the Ah horizon (minimum, −117 mV). Median E H values in the oximorphic Bg and CrBg horizons were within the moderately reducing range at 190 and 8 mV, respectively. The highest E H fluctuations occurred in the topsoil with a range of 840 mV, whereas oscillations of E H were low in the 2Cr horizon (range of 120 mV).
In the summer of 2007 ( July) at soil temperatures of 16°C, the E H of the Ah horizon rapidly dropped from oxidizing conditions to a value of −120 mV after 5 d of water saturation. In comparison, in the winter of (Feb. 2007 , the E H decreased to 0 mV after about 3 wk of flooding at soil temperatures between 7 and 10°C.
The mean solution pH at all depths ranged from 6.5 to 7.6 and was clearly above values measured for bulk soil, which were between 4.7 and 6.2 (Table  1) ) and were considerably lower in all other horizons.
In the Ah horizon, As concentrations of the soil solutions showed a stronger redox-driven temporal variation (10 cm) (Fig. 2 ). They were >10 mg As L −1 in February and July 2008 when the E H was below −50 mV. In contrast, they were <5 mg As L −1 when the E H was above 400 mV (May and June 2007; Mar. and Apr. 2008) . Variations of dissolved As in the Bg and CrBg horizons were much less variable. Arsenic concentrations increased significantly in the Bg horizon (9.5 mg L −1 As) in April 2007 only. Overall, in both horizons, just a slight or no increase of dissolved As with decreasing E H was observed. The As concentrations of the 2Cr horizon varied strongly and seemed to be independent from E H . In the Ah horizon, As was released into soil solution together with Fe at an E H below 50 mV (Fig. 2) .
The ratios of As III /total As were relatively similar for the Ah, Bg, and 2Cr horizons at around 0.5, indicating that both species were equally present. In the CrBg horizon, however, AsO 3 3− dominated over AsO 4 3− (ratio of 0.73). In the Ah horizon, the increase in AsO 3 3− was more pronounced than for AsO 4 3 with decreasing E H (Fig. 2) .
Laboratory Experiments
Figure 3 (Ah horizon) and Fig. 4 (CrBg horizon) show the results of the microcosm experiments performed at a controlled E H . The results are only shown for microcosm C, which was consecutively run under all redox conditions. Results for the microcosms A and B (levels of E H and pH as well as concentrations of DIC, DOC, and dissolved inorganic ions) were almost identical for those of microcosm C at the corresponding redox range.
In the suspension of the Ah horizon, the E H could be adjusted successively stepwise from oxidizing via weakly reducing to moderately reducing conditions. However, in the experiment with the CrBg horizon, the lowest E H achieved was at about 0 mV. The decrease of E H was accompanied by an increase of pH from 5.2 to 6.6 in the Ah horizon and from 6.4 to 7.9 in the CrBg horizon.
Concentrations of As, Mn, Fe, SO 4 2− , PO 4 3− , DOC, and DIC showed a first peak under oxidizing conditions during the first days of the experiment with the Ah horizon (Fig. 3 ). The solubility of Mn then significantly increased to 0.5 mg L −1 at weakly reducing conditions. Lowering the E H resulted in a continuous increase of the Mn concentrations. A significant increase in the solubility of Fe and As did not start until the onset of moderately reducing conditions. The release of both elements was strongly enhanced when the E H dropped below −100 mV. Concentrations of As increased to a maximum of 52.4 mg L −1 at an E H of −100 mV, followed by a slight decrease at the end of the experiment. Ratios of As III /total As above 0.50 did not occur before the E H was below 0 mV and achieved a maximum of 0.87 at the end of the experiment. Nitrate could only be observed at oxidizing conditions in two samples. Sulfate concentrations decreased from maximal 17 to <6 mg L −1 at the end of the microcosm experiment. Phosphate concentrations discontinuously varied and reached their maximum at the end of the experiment. Concentrations of DOC increased to values above 100 mg L −1 independently from cellulose addition when the E H dropped below −100 mV. Concentrations of DIC roughly followed those of DOC.
In the CrBg horizon, Mn concentrations increased more or less during the first 29 d of the microcosm experiment and decreased when the E H fell below 100 mV (Fig. 4) . Sulfate concentrations continuously increased, whereas PO 4 3− dropped below the detection limit 14 d before the end of the experiment. Concentrations of DOC remained almost constant and only slightly decreased at the end of the experiment, whereas DIC concentrations discontinuously varied. Neither As nor Fe was released under reducing conditions. Concentrations of both elements decreased from maximal 2.1 to 0.1 mg L −1 Fe and from 8.0 to 1.4 mg L −1 As at the end of the experiment. At the same time, the ratios of As III /total As increased from 0.59 to almost 1.
Discussion
Soil and Near-surface Groundwater Arsenic
Natural causes of As pollution of groundwater can be attributed to the following four mechanisms: (i) reductive dissolution of As-bearing Fe oxides, (ii) alkali desorption at pH >8, (iii) sulfide oxidation of As-bearing sulfides, and (iv) the rise of geothermal As-rich water (Ravenscroft et al., 2009 ). As pointed out by Banning et al. (2009) , Fe in the groundwater of the Heubach catchment area mainly originates from the weathering of Cenozoic paleo bog Fe ores occurring in the Haltern layers. They identified temporally and locally strongly reducing groundwater conditions within the Haltern layers by elevated dissolved Fe levels. Together with Fe, As is mobilized because the paleo bog Fe contains a mean As content of 43.9 mg kg −1 (Banning et al., 2009 ). The As-loaded groundwater moves through the Haltern layers toward the lowland glaciofluvial sands (thickness, 3-5 m) and, by capillary rise, moves temporarily toward the overlaying fluvial loams. When in contact with O 2 , ferrous iron (Fe 2+ ) is rapidly immobilized by precipitation as Fe oxide. Arsenic, as well, precipitates together with Fe, thus causing the high levels of As in this soil (Table 1) . From the field measurements of this study, it is obvious that not only the process of Fe enrichment in the Heubach plain but also that of As enrichment is still in progress. Capillary rise of As-containing groundwater was also the driving force for As enrichment in Bavarian degraded fens in Germany Weigand et al., 2010) .
The described massive enrichment of Fe is popularly known as bog Fe or "Raseneisenstein" and scholarly termed in soil science as petrogleyic properties (WRB and IUSS Working Group, 2006) . It is a typical feature of some Quaternary sandy fluvial lowlands and has been observed in similar landscapes of Central and Northern Europe (e.g., Belgium [Stoops, 1983] , Germany [Schlichting, 1965] , Denmark [Breuning-Madsen et al., 2000] , and Poland [Kaczorek et al., 2009] ) and in North America (Crerar et al., 1979) . Such high As levels have never before been reported for these landscapes, so it can be assumed that the extent of the As load is relatively unique. 
Redox Potential Dynamics
Soil water saturation is often caused by high ground water levels, as is the case in this soil (Fig. 2) . Depending on microbial activity, the soil O 2 is more or less rapidly exhausted after water saturation, and the E H starts to decrease. When the water table drops, O 2 enters the soil pores and the E H increases. This pattern of E H dynamics was greatly pronounced in the Ah horizon and somewhat less in the Bg horizon (Fig. 2) ; this is typical for groundwater-influenced soils, as can be inferred from other field studies (Niedermeier and Robinson, 2007; Mansfeldt, 2003; Seybold et al., 2002; Vorenhout et al., 2011) . As a general rule, the stronger the water fluctuations are for a distinct soil depth, the stronger the alterations of the E H should be. Hence, the E H fluctuations in the CrBg horizon were only low and the 2Cr horizon and revealed virtually no fluctuation in E H due to permanent water saturation. As a consequence of this lasting water saturation, the E H was always within a reducing range, which coincides with the absence of Fe oxides and caused the very high concentrations of dissolved As at 120 cm depth.
The lower E H values and the faster decrease of E H in the Ah compared with the Bg and CrBg horizon can be explained by different contents of organic C and Mn and Fe oxides (Ponnamperuma, 1972) . Organic C acts as the primary electron donor. Not only is the total amount of organic C higher, but presumably its bioavailability (input of fresh material like roots, root exudates, etc.) is also raised in the Ah horizon. Manganese and Fe III act as electron acceptors and hence are redox buffers. As long as their bioavailable pool is not exhausted, the E H will not drop. Indeed, an effective redox buffering caused by Fe oxides starts in the Bg and CrBg horizons at an E H of 0 or −60 mV, respectively. The same redox buffer range could be observed during the microcosm experiments with the CrBg horizon because the E H did not fall below 0 mV. In contrast, the Ah horizon revealed lower E H values in the field and in the microcosm experiments.
Besides water saturation, a supply of available organic C, and the presence of microorganisms, suitable soil temperatures are needed for the onset of reducing conditions. However, exactly what constitutes suitable soil temperatures is under debate. Rabenhorst and Castenson (2005) showed that at soil temperatures <2°C essentially no ferrihydrite reduction occurred in a field experiment with ferrihydrite-painted tubes even though the soil E H was at Fe III -reducing range. As soil temperatures increased from 2 to 8°C, the quantity of ferrihydrite reduction increased with time. When the soil temperature was between 8 and 20°C, substantial reduction occurred within 7 d. In agreement with this observation, Vaughan et al. (2009) demonstrated in a 2-yr study that at lower temperatures longer periods of saturation were required to induce soil reduction with respect to ferrihydrite (Vaughan et al., 2009 ). Rabenhorst (2005) reported that soil temperatures below 5°C represent a "biological zero" for redox processes. However, this was later clarified because a reducing soil environment is attainable at temperatures <5°C but at much longer time period (Vaughan et al., 2009 ). I agreement with this finding, Weber et al. (2010) reported that decreasing the temperature from 23 to 14 and 5°C strongly slowed down soil reduction and Fe and As releases in a laboratory incubation experiment with floodplain soil. The influence of soil temperature at water saturation can explain the faster drop of E H in summer 2007 and in winter 2006 (Fig. 2) . Hence, reductive dissolution of Fe oxides is more significant in the topsoil in summer during periods with high precipitation and subsequent water saturation. However, even during warm winters (like in 2006/2007) , reducing conditions during water saturation can occur (Fig. 2) . Overall, As mobilization after reductive dissolution of Fe oxides increases its bioavailability and possible uptake by plants (Ackermann et al., 2010a) .
Iron Oxides and Redox Potential
The reductive dissolution of Fe oxides in soils occurs at an E H range below 200 to 150 mV (Cogger et al., 1992; Patrick and Jugsujinda, 1992) . As a result, Fe 2+ appears in the soil solution at such moderately reducing conditions, which was found to be true for the Ah horizon in the microcosm experiment provided that most of dissolved Fe was present in its reduced form (Fig. 3) .
With decreasing E H , more Fe III was reduced, indicating that the bioavailable Fe III pool was not exhausted. Also in the field, total Fe concentrations increased in the topsoil when E H dropped, which can be attributed to the reductive dissolution of Fe oxides. Although the E H was also in a moderately reducing range in the Bg and CrBg horizon, virtually no increase of total Fe in solution was observed in the field. This phenomenon also became obvious in the microcosm experiment with the CrBg horizon, where no significant increase of Fe occurred. However, it is not clear how this behavior can be explained. The readsorption of released Fe , in turn, may accelerate mineral transformation of short-range-ordered Fe oxides. Thompson et al. (2006) demonstrated that redox fluctuations spanning the Fe reduction/oxidation threshold promoted the direct conversion of short-range-ordered material into more crystalline forms. This secondary solid-state mineral transformation occurs under anaerobic conditions in the presence of Fe-reducing bacteria at relatively low Fe 2+ concentrations (Hansel et al., 2003; Zachara et al., 2002) but also in pure Fe oxide systems to which Fe 2+ was added ( Jeon et al., 2003; Pedersen et al., 2005; Wei et al., 2011) . Indeed, a Mössbauer study demonstrated that nanosized goethite is the almost exclusive Fe phase in the Bg (94% of total Fe; 4% bound in ferrihydrite and 2% in silicates) and CrBg horizons (86%; 7% occurring as ferrihydrite and siderite, respectively) (Mansfeldt et al., 2012) . In the Ah horizon, ferrihydrite (51%) was dominant over goethite (24%). The different mineralogy of Fe oxides has important implications to the release of Fe 2+ because the standard E H and the rate of reductive dissolution of Fe oxides depends on the type and crystallinity of the oxide, on the mineral surface area, and on the surface coverage (Fischer, 1987; Jones et al., 2000; Ponnamperuma et al., 1967; Straub et al., 2001) . As a result, ferrihydrite is the primary terminal electron acceptor for Fe reducing bacteria rather than the crystalline forms (Roden and Zachara, 1996; Zachara et al., 2002) . Hence, it can be assumed that in the Ah horizon ferrihydrite is preferentially dissolved by reductive dissolution after water saturation and at an adequate E H (<150 mV). Iron oxides in the subsoil may be dissolved at a lower E H than in the topsoil and most other redoximorphic soils in which ferrihydrite is the main reactive Fe oxide.
Arsenic Mobility under Various Redox Conditions
The As concentrations in soil solutions under oxidizing conditions should be determined by competitive ion displacement (i.e., by exchange processes) and limited sorption due to raising pH (i.e., by desorption) (Smedley and Kinniburgh, 2002) . However, desorption only yielded significantly elevated As concentrations at pH values >8.0 (Fendorf and Kocar, 2009; Ravenscroft et al., 2009) . Such pH values were not reached at the study site or in the microcosm experiments. Ion displacement by phosphate (Stachowicz et al., 2008) or DOM (Bauer and Blodau, 2006) was also negligible. The slight release of As, together with Mn, SO 4 2-, PO 4 3-, DOC, and DIC, during the first days of the microcosm experiment is probably caused by the solubilization of salts or the dispersion of colloids resulting from swelling on rewetting of the air-dried soil and a flush of labile organic matter (Chow et al., 2006; Williams and Xia, 2009) . With this exception, the As mobility under oxidizing conditions was low.
Under weakly reducing conditions, Mn III,IV acts as the terminal electron acceptor, and Mn 2+ commonly appears in the soil solution (Gotoh and Patrick, 1972) . Indeed, total Mn concentrations significantly increased after the shift from oxidizing to weakly reducing conditions in the Ah horizon, but this was not so obvious in the CrBg horizon ( Fig. 3 and 4) . Manganese reduction proceeded also during moderately reducing conditions for both horizons, indicating that the bioavailable Mn III,IV pool was not exhausted. Both horizons, however, revealed that As concentrations were not affected by the reductive dissolution of Mn oxides. The importance of Mn oxides in sequestering As has not been clarified. Smedley and Kinniburgh (2002) suggested that Mn oxides might be important carriers for As, and it is known that Mn oxides are strong adsorbents for As (Deschamps et al., 2003; Manning et al., 2002; Oscarson et al., 1983) . However, Mn oxides are relatively unstable minerals, especially in soils with reducing conditions, which weakened their role in As sequestration (Mitsunobu et al., 2006; Takahashi et al., 2003) . Also, in the floodplain soils of the German river Mulde, Mn oxides did not contribute significantly to As sequestration, in contrast to Fe oxides (Ackermann et al., 2010b) . Furthermore, Mn oxides are far less abundant than Fe oxides in this soil. In addition, McArthur et al. (2004) argued that even if Mn oxides release As, it would be readsorbed onto the more redox-stable Fe oxides.
Under moderately reducing conditions, the As mobility significantly increased. Sequential fractionation revealed that by far the largest portion of As is bound to Fe oxides in the topsoil and in subsoil (Table 2) , which is in agreement with other soil and sediment studies (Ackermann et al., 2010a,b; Filippi et al., 2007; Nóvoa-Muñoz et al., 2007; Postma et al., 2010; Takahashi et al., 2004; Weigand et al., 2010) . At first glance, these soil horizons hold a large potential of mobilizable As provided that all Fe oxides could be reductively dissolved. The release of As into the aqueous phase of soils and sediments after water saturation has been previously reported by Deuel and Swoboda (1972) and was later confirmed in other experiments Burton et al., 2008; Hess and Blanchar, 1977; Kocar et al., 2006; Masscheleyn et al., 1991; McGeehan and Naylor, 1994; Mitsunobu et al., 2006; Reynolds et al., 1999; Weber et al., 2010; Weigand et al., 2010; Takahashi et al., 2004; Yamaguchi et al., 2011) . In agreement with these studies, As was released together with Fe at E H below 150 to 100 mV in the topsoil in the field and in the laboratory (Fig. 2 and  3) . It is assumed that reductive dissolution took place and resulted in the concurrent release of Fe and As. However, the release of sorbed As due to the loss of sorption sites after the dissolution of Fe oxides is not the only source of As mobilization under reducing conditions; dissimilatory arsenate-reducing prokaryotes are able to reduce sorbed AsO 4 3− to AsO 3 3− without dissolution of the oxide (Oremland and Stolz, 2005) . Because the surface complexes of AsO 3 3− are far more labile than its oxidized counterpart at acidic to near-neutral pH, AsO 3 3− is therefore preferentially released into solution (Fendorf and Kocar, 2009; Tufano and Fendorf, 2008) .
In contrary to the topsoil, As was not mobilized in the field or in the laboratory in the petrogleyic subsoil, which coincides with the absence of Fe mobilization. The low solubility of As in the subsoil horizons could be caused by an overall low reductive dissolution rate because nanogoethite dominated the subsoil. Furthermore, if As was still released during the reductive dissolution of Fe oxides or by the reduction of sorbed AsO 4 3− , it could be immobilized due to readsorption by the remaining Fe oxides (de Mello et al., 2006; McArthur et al., 2004) . McArthur et al. (2004) proposed that As is not released from Fe oxides under reducing conditions before As saturation in the remaining oxides exceeds a critical limit. The surface extension of Fe oxides, caused by friction due to continuous stirring, would explain the decreasing As concentrations in the CrBg horizon during the microcosm experiments because it occurred under reducing conditions (Fig. 4) and under oxidizing conditions (experiment not shown). Readsorption, however, may happen not only onto remaining Fe oxides but also onto the transformation products of ferrihydrite reduction (Berg et al., 2008; Coker et al., 2006; Islam et al., 2005; Kocar et al., 2006) because freshly formed mineral phases should have unsaturated surfaces.
Low E H values indicate that the bacterial reduction of SO 4 2− to S 2− could have occurred at the end of the microcosm experiment using the Ah horizon (Connell and Patrick, 1968) . This would explain the decrease of SO 4 2− concentrations at the transition from moderately to strongly reducing conditions (Fig. 3) . The formation of sparingly soluble arsenic-sulfide solids is possible at bacterial SO 4 2− reduction (Onstott et al., 2011; Rittle et al., 1995) . Such precipitation could have resulted in the slight decrease of the As concentrations at the end of the microcosm experiment. The precipitation of As sulfides could also have temporarily occurred in the topsoil at an appropriate E H in the field. However, this kind of immobilization should not last due to the permanent aeration of this soil horizon after falling water tables. In contrast, the lowest E H achieved with the CrBg horizon was outside the redox window of SO 4 2− reduction. Accordingly, the SO 4 2− concentrations remained more or less constant during the course of the experiment, excluding any precipitation of As sulfides. Under the field conditions, it is assumed that As immobilization by precipitation of As sulfides is absent in the petrogleyic subsoil but also in the 2Cr horizon. This is deduced from the lack of a sharp SO 4 2− concentration gradient (i.e., sharply decreasing SO 4 2− concentrations). Instead, the SO 4 2− and As concentrations are highest in the near-surface groundwater (i.e., in the 2Cr horizon).
Arsenic Speciation Dynamics
Speciation of As under defined redox ranges in the laboratory revealed that AsO 4 3− predominates under oxidizing conditions, whereas AsO 3 3− was the major (Ah horizon) or sole (CrBg horizon) species under reducing conditions (Fig. 3 and 4) . However, AsO 4 3− was also present under reducing conditions (Ah horizon) and AsO 3 3− under oxidizing conditions. The distribution of As was in redox disequilibrium, which was also the case for the field-collected soil solutions (Fig. 2) . This behavior is typical for As in natural waters (Cullen and Reimer, 1989) . It was observed in Californian lake water (Hollibaugh et al., 2005) ; in surface, groundwater, and soil solutions of mine tailing sediments and soils (Mitsunobu et al., 2006; Routh et al., 2007) ; and in several soil studies using different experimental designs and analytical settings (Ackermann et al., 2010a; Onken and Hossner, 1995; Weigand et al., 2010) .
The occurrence of AsO 3 3− under oxidizing conditions can be caused by very slow oxidation kinetics when molecular O 2 is the oxidant (Eary and Schramke, 1990 (Amstaetter et al., 2010) . This could have occurred, especially in the petrogleyic subsoil horizons. Additionally, microbial processes are thought to be responsible for the observed disequilibria. For example, the microbial reduction of AsO 4 3− to AsO 3 3− as a method of detoxification can occur not only under anaerobic but also under oxidizing conditions (Macur et al., 2001 (Macur et al., , 2004 . It has been suggested that this method of AsO 3 3− formation contributes to the apparent disequilibrium conditions. Furthermore, Macur et al. (2004) found that bacteria that are capable of oxidizing AsO 3 3− or reducing AsO 4 3− coexist and are ubiquitous in soil environments.
Source and Sink Function of Soil
The high amounts and distinct characteristics of the Fe oxides present caused a stable fixation of As in the Bg and CrBg horizons of the investigated soil, which is almost independent from lasting reducing conditions. Hence, the petrogleyic subsoil horizons still function as strong sinks for As, which is transported into the Gleysol by rising groundwater tables or capillary rise. The shortterm remobilization of As under reducing conditions occurs in the topsoil only but seems to be restricted to the release of As sorbed onto Fe oxide surfaces. Many authors argued that by the reductive dissolution of Fe oxidesorbed trace (semi)-metals (Charlatchka and Cambier, 2000; Chuan et al., 1996; Frohne et al., 2011; Ma and Dong, 2004; Quantin et al., 2001 ) and that PO 4 3− may be released (Meissner et al., 2008; Shenker et al., 2005) even in soils with petrogleyic properties (Kaczorek et al., 2009) . However, it is postulated that this process is overemphasized at an appropriate mineralogical composition and abundance of Fe oxides.
Conclusions
The field and laboratory approach of this study showed consistent results regarding the release of As, and the following findings must be highlighted. First, the significant mobilization of As in the topsoil is restricted to periods of water saturation at simultaneously higher soil temperatures. Obviously, a higher biological activity accelerates the redox-driven processes of Fe oxide dissolution. During such periods, the uptake of As by plants and the subsequent entry into the food chain cannot be excluded and should be investigated in further studies. Second, As is not released in goethite-enriched subsoil horizons at reducing conditions. Instead, such horizons are able to fix high amounts of As without any relevant As release, even during lasting periods of water saturation and low E H . Whether this is triggered due to the mineralogy or the abundance of Fe oxides or both needs to be studied in detail. Finally, the occurrence of the more toxic reduced As species in soil solutions is not closely connected to the occurrence of reducing conditions in the soil. Hence, investigations of speciation should be based on measurements rather than on model predictions.
Supplemental Material
The supplemental material provides information about the experimental design of the microcosm experiment and statistical analyses of the field data.
